We investigate the potential of fiber Raman lasers in the visible wavelength region, which have hardly been explored yet, motivated by developing a fiber based 589nm source for laser guide star adaptive optics.
Introduction
Fiber Raman lasers have been intensively studied in recent years in the near infrared wavelength region because of applications in telecommunication. However, fiber Raman lasers in the visible wavelength region have hardly been explored yet. Compact, moderate-power, and visible fiber laser source are actually very interesting for applications in medicine and scientific research.
Our motivation of the study is to investigate the potential of visible fiber Raman laser or amplifier in developing laser source at 589nm for laser guide star adaptive optics, which require the laser to have a narrow linewidth (<3GHz) [1] . We have made a simulation study on a 0.5 GHz linewidth 589 nm laser by Raman shift from a commercially available solid state green laser, done in a single mode fiber. The efficiency of such narrow band fiber Raman laser is limited by the onset of stimulated Brillouin scattering. Our simulations show that several hundreds of milliwatts may be obtained with a 10 W pump laser at 532 nm, depending on the discrimination ratio of the Raman and SBS oscillation in the resonator. An appropriate laser configuration should only resonate the Raman Stoke but leak the Brillouin light. With a master oscillator power amplifier scheme this could be an alternative approach for the laser system required for laser guide star adaptive optics.
We will also discuss the technical challenges for this type of lasers and corresponding proposals, methods for suppressing SBS, and comparison with near infrared fiber Raman lasers. Experimental demonstration of fiber Raman laser pumped by a solid state green laser is planed in coming months. Fig.1 Schematic of the direct Raman conversion approach. Broadband fiber laser pump at 574 nm is generated using Raman shifters from green. This in turn pumps a narrow band fiber laser at 589 nm.
The Scheme and Challenges
Normal silica fibers will be used as Raman gain medium. The pump laser is a high power green laser. The 574 nm laser will be produced by cascade Raman conversion from the visible pump laser. The 589 nm Raman laser, which is the focus of this paper, is a narrow-band (0.5 GHz) fiber Raman laser pumped by the 574 nm laser. Our goal on this narrow band master laser is to obtain CW power of 0.2 ~ 0.5 W. A 589 nm Raman amplifier will be constructed to scale up the power for laser guide star application. The approach is of great interest, because high power solid state green laser is commercially available and one can avoid the difficulty in frequency conversion. However, the approach has its own challenges. The key physical difficulty is to suppress SBS, since the bandwidth of the laser is only 0.5GHz. The Raman laser oscillation inside the resonator tends to excite a Brillouin oscillation at not very high power. The idea behind our fiber Raman laser concept for the master oscillator is to resonate the Raman Stokes photons, while leaking the stimulated Brillouin scattering (SBS) photons generated at a slightly longer wavelength (the shift is ~ 30GHz at 589nm), using appropriately designed laser resonator. This increases the threshold level for the onset of SBS, and favours the Raman process via an appropriate choice of the fiber laser parameters. There are other nonlinear processes, four wave mixing or self phase modulation, which may broaden the laser linewidth. But according to our experience they are comparably less important at this power level a107_1.pdf WB18.pdf and operation condition. We don't consider them in our simulations.
The technical challenges in this approach include fiber Bragg gratings for the visible spectral region, working at high power, and migration of the narrow-band fiber Raman laser technology from the near infrared region to the visible region. There is no basic physical limitation in the fabrication of visible FBGs. Narrow band fiber laser cavity can be realized with spectrally sharp FBGs and/or specially designed interferometric laser cavity. We have already proved the feasibility of the narrow band fiber Raman laser technology in the near infrared working together with IPF Technologies [2, 3] . Therefore, we believe the approach should be feasible with moderate technical efforts.
Model and Simulation Results
The 532 nm to 545 nm to 558 nm to 574 nm Raman conversion is done at large linewidth, such cascade Raman lasers have been studied and produced already (although mostly at near infrared wavelengths) and can be readily simulated.
As for the 574 nm to 589 nm Raman laser, since we want to obtain a narrow-band (0.5 GHz) laser, SBS has to be included in the model. The Raman laser oscillation inside the resonator may excite a Brillouin oscillation in the same resonator. The classical treatment of the stimulated Raman and Brillouin scattering process in optical fibers yields a system of first-order coupled partial differential equations. Spontaneous Brillouin scattering is included by one photon per unit length. We also consider in the model the amplification of SBS signal by SRS from pump power directly.
Fiber length, reflection of Raman and Brillouin light at rear and output mirror are designing parameters. In the simulations, the discrimination between Raman and Brillouin oscillations is from the differences of reflection at rear reflector only. We will see the discrimination is critical for how much Raman laser power can be generated before the onset of Brillouin oscillation. The rear reflector can be either a specially designed narrow band FBG or an interferometric setup which gives narrow band response.
With input pump power of 5W at 574nm, we calculate the maximum possible Raman output power at 589nm and corresponding fiber length at different output coupler reflectivity. Some results are shown in Fig. 2 , where the reflectivity of the rear reflector for Raman laser (R1) is 99% (solid) and 95% (dashed), respectively; The residual reflectivity for SBS (R1 SBS ) is 0.0001 (-40dB).
We see that > 0.5 W output is possible, and the output power is not sensitive to the output FBG reflectivity. But, the optimum fiber length (the corresponding fiber length at maximum output power for a certain output coupler reflectivity) does vary largely with the reflectivity of the rear reflector. From these sets of simulations, we can find the optimum output FBG reflectivity, optimum fiber length, and maximum Raman output. After that, we consider the dependence on residual reflection for SBS at the rear reflector. As shown in Fig.3 , we see the maximum Raman power is almost linear with -10Log(R1 sbs ), which is the residual reflection in dB unit. This is important information for us to design and fabricate the rear reflector. The optimum output FBG reflectivity R2 opt , and optimum fiber length L opt vary slightly. 
Summary
In summary, we investigated the potential of fiber Raman lasers in the visible wavelength region, which have hardly been explored yet, motivated by developing a fiber based 589nm source for laser guide star adaptive optics. We presented the simulation of a 0.5 GHz linewidth 589nm laser by direct Raman shift with a 10 W green laser as pump source. Our simulations show that several hundreds of milliwatts can be obtained with conservative input parameters and appropriate resonator design which resonates only the Raman Stokes. We will also discuss the technical challenges for this type of lasers and corresponding proposals, methods for suppressing SBS, and comparison with near infrared fiber Raman lasers. Experimental demonstration of fiber Raman laser pumped by a solid state green laser is planed in coming months.
